Abstract: Diatomite, wood fly ash and their mixture with TiO2 were tested as adsorption substrates for copper and cadmium cations removal from wastewater. Raw diatomite and wood ash were pretreated and stabilized by washing and were comparatively investigated as adsorption substrates for heavy metals. Further on, a composite mix of pretreated diatomite and wood ash was obtained by mixing with nano-structured TiO2, to increase the surface area of the substrate materials. The novel adsorbent was investigated in terms of crystallinity (XRD), surface properties (AFM, SEM, porosity and BET surface) and surface chemistry (EDX, FTIR). Equilibrium studies demonstrated that the novel material has a high capacity for Cu 2+ and Cd 2+ removal, showing removal efficiencies above 80% for cadmium and of 99% for copper cations, in optimised adsorption experiments. In this paper the kinetic mechanisms of the cation adsorption are discussed and are correlated with the substrates properties.
INTRODUCTION
Water is a limited resource. Over 40% of the world's population lives close to one of the 276 international watercourses but, due pollution and poor treatment, water is today increasingly at the centre of tensions and disputes between groups sharing water resources [1] as it cannot be re-used in agriculture or as drinking water source; thus, water remediation represents a term that currently describes the actions that might contribute to increase the water re-use, after various treatment processes [2] .
Heavy metals represent a common and dangerous pollutant. Some industries such as mining, electroplating, ceramics, battery manufacturing are considered as main sources for heavy metals pollution. Discharged in the natural flows without (sufficient) treatment, the pollutants can reach concentrations up to some hundreds of mg/L causing economic problems (costly water treatment) and a variety of illnesses (respiratory problems, eczemas, cancer) [3] .
Many treatment processes have been evaluated to remove heavy metals from wastewater: chemical precipitation, ion exchange [4] , membrane (nano) filtration, reverse osmosis [5] , activated carbon adsorption [6] . Among these, ion exchange, activated carbon adsorption and membrane filtration are highly efficient but are expensive. Still, adsorption technologies are considered to be particularly *Address correspondence to this author at the Transilvania University of Brasov, Research Center, Renewable Energy Systems and Recycling, Eroilor 29, 500036 Brasov, Romania; Tel: 0040-729109355; E-mail: maria.visa@unitbv.ro competitive and effective for heavy metals removal even at traces level, down to the discharge limits and have several advantages, as being a mature technology: easy operation, common/inexpensive equipment, less sludge, adsorbents` reuse after desorption [7] .
To fulfill the industrial requirements, low-cost adsorbents are intensively studied, mainly based on natural compounds (red mud [8] , natural zeolites [9] , bentonite [10] , clay [11] , and diatomite [12] moss peat [13] ) or on wastes: bone char [14] , activated sewage sludge [15] , wood ash lime and fume dust [16] .
Fly ash is another pollutant by-product, raising big environmental problems; the use of this waste as second raw material, in various applications becomes thus a sustainable solution [17, 18] [20] .
Diatomite is largely used in water purification, filtration of commercial fluids, clarification of juices, liquors and for the separation of various oils and chemicals [19] . Diatomite is a highly porous material with up to 80-90% voids index [21] .
As a surface process, adsorption requires large specific surfaces and charged or highly polar surface components. Basically, any solid material with a microporous structure can be used as an adsorbent. Thus, combining diatomite with wood fly ash can form an efficient and low cost adsorbent with average large specific surface area. The addition of a third ionic compound, with nano-structured surface, can further improve the substrate quality, making it efficient in removing heavy metals at very low concentrations (hundreds of ppm), when diffusion tends to hinder adsorption.
Therefore, a new adsorbent material was obtained from diatomite, wood fly ash and TiO 2 . The structural and surface properties of the components in this adsorbent and of their mix are presented in this paper, along with their efficiency in removing two heavy metal cations, cadmium and copper.
EXPERIMENTAL

The Substrates
Three materials were mixed to obtain a new adsorbent material:
1)
Wood fly ash, a waste resulted from burning fast growing biomass (energetic willow), collected from the Thermal Wood Power Station Miercurea Ciuc, Romania. The cost of wood fly ash is zero;
2) Diatomite natural material collected from the Brasov area, Romania;
3) TiO 2 Degussa P25 nano-powder, containing 20% rutile and 80% anatase, with the specific surface of about 50 m 2 /g and a grain size in average of 30nm.
The raw wood ash (100g) was washed with ultrapure water (1000mL) under mechanical stirring (100 rpm, Nahita GJ-1 stirrer), at room temperature (22 ±1 0 C), for 24h, to remove the soluble compounds. After 24h the suspension was filtered and dried at 105-115 0 C overnight. The washed and dried wood ash (noted as WAw) was mechanically sieved and the fraction 20-40μm was selected.
The diatomite (100g) was modified (treated), by washing with ultra-pure water (1000mL) under mechanical stirring at room temperature (22 ±1 0 C) for 24h and then was dried overnight; the washed diatomite is noted Dw. Diatomite is fine grained, and essentially consists of silica (SiO 2 nH 2 O) [20, 21] .
The TiO 2 nanopowder was used as received.
The individual WAw and Dw substrates and the three component material, obtained by mechanically mixing the three powders (WAw, Dw and TiO 2 ) were further investigated as substrates in heavy metals adsorption for the advanced wastewater treatment.
Substrates Characterization
The treated wood fly ash (WAw) and diatomite (Dw) crystalline structures were evaluated before adsorption by XRD (Advanced D8 Discover Bruker diffractometer, Cu The surface characterization included porosity and BET specific surface measurements (Autosorb-IQ-MP, Quantachrome Instruments), morphology studies (roughness and particle size distribution) using AFM (Ntegra Spectra, NT-MDT model BL222RNTE, in semicontact mode with Golden silicon cantilever, NCSG10, at constant force 0.15 N/m, with a 10nm tip radius) and scanning electron microscopy (SEM, S-3400N-Hitachi, accelerating voltage of 20 KV). Surface elemental composition was evaluated using energy dispersive Xray spectroscopy (EDX, Thermo Scientific Ultra Dry).
Adsorption Tests
Batch adsorption experiments were done at room temperature (18- The optimal contact time was evaluated using suspensions of 1 g substrate in 100 mL solution. Aliquots were taken at certain moments (15, 30, 45 , 60, 90, 120, 180, 240 min), when stirring was briefly interrupted and after decantation and filtration the volumes of supernatant were analyzed.
The initial and the residual metal concentration in the aqueous solution was analysed by AAS (Analytic Jena, ZEEnit 700), at Cd = 228.8 nm and at Cu = 324.75nm.
The adsorption efficiency, , and adsorption capacity, q t , were evaluated based on eq. 3 and 4: 
RESULTS AND DISCUSSIONS
The Substrates
As part of their treatment, diatomite and wood ash were washed and the final pH and conductivity values of the supernatant are quite different, proving that these materials contain different amounts of soluble oxides (Na 2 O, K 2 O, lime etc.), exceedingly higher for the wood ash, as Table 1 shows. These values confirm that the wood ash has an increased content of strongly alkaline soluble compounds (sodium and potassium oxides), leading to much bigger pH values than diatomite, although the conductivity is similar. These results could also be correlated with the carbonation effect on the natural diatomite surface, with the formation of soluble compounds with lower alkalinity. The predominant oxide composition, generally recognized as having negatively charged surface due to the oxygen surface ions, represents an asset in cations adsorption.
Further on, morphology is investigated as large specific surface is a second pre-requisite for a good substrate. As the images in Figure 3 show, heterogeneous agglomerates are characterizing the materials and diatomite and wood ash grains are significantly larger (2.24….23,3μm) than the individual particles. The EDX, Table 2 , data confirm the oxide composition; diatomite shows silica/silicate as main components and very low amounts of the other oxides, as result of the dissolutions during washing.
For the wood ash, the surface composition mainly consists of glassy compounds (hard to dissolve) and carbon or carbon-based compounds.
The FT-IR spectra of the materials were used to investigate the bands associated with the compounds, Figure 4 and Table 3 . The results confirm the XRD and EDX findings, confirming the composition rich in carbonates in the wood ash and the silicates/ aluminosilicates existent in both samples.
The washing process of diatomite and of WAw includes dissolution, recrystallization and new components development, [23] . The result is a rough surface, with RMS values above 200 nm (Figure 5b) , suitable for adsorption as having a large amount of high energy active sites.
These AFM images were used to outline the surface morphology: the uniformity, grain size and pore size distribution [24] of the samples and show, Figure 4 , that the aggregates are assembled in grains, leaving wide open and regular pores on the surface (in the micrometric range for fly ash and about ten times lower for diatomite). 
The specific surface area of the ash samples was measured by BET-method and the results are presented in Table 4 : These values confirm a nano-porous basic structure of the unit grains for both substrates and a rather high specific surface, with pores large enough to accommodate hydrated copper (r = 0.295 nm) or cadmium cations (r = 0.426 nm).
Heavy Metals Adsorption
The effect of the contact time on the efficiency of the Cd 2+ and Cu 2+ adsorption is presented in Figure 6 .
The results show that the adsorption efficiency on diatomite is low and this can be a combined effect of the lower surface charge (as shown by the equilibrium pH) and lower specific surface. On the opposite, the results show the much higher affinity of both metal cations for wood ash, with higher negative surface charge (pH=12.2) and larger specific surface. It is also to notice the good results obtained for the copper cation adsorption, and this is the result of the higher mobility of this cation, with significantly lower hydration radius, [24] .
To increase the specific surface and the oxide composition, the WAw + Dw combined powder was mixed with the highly water-stabile TiO 2 Degussa P25; previous investigations on coal fly ash (FAw) -TiO 2 mixtures outlined the optimal ratio FAw: TiO 2 = 3: 1 [25] . In the current experiments the ratio Dw : WAw : TiO 2 was set at 1:1:1. Two sets of experiments were done for each cation, using an initial amount of composite substrate (Dw + WAw + TiO 2 = 0.75g) and a doubled amount (2Dw + 2WAw + 2TiO 2 = 1.5g). The results obtained in optimized conditions showed moderate increase in the cadmium adsorption (up to 84%) and a strong increase of copper adsorption, up to 99%, Figure 7 . This proves once again the significant role of the small nano-pores, corroborated with the actual size of the adsorbed specie, that influences the ionic strength and hydrated ionic radius (copper 0.295nm < cadmium 0.426nm).
The amount of adsorbent proving the highest efficiency was further used in kinetic investigations.
Uptake Kinetics of the Heavy Metals
Different kinetic adsorption mechanisms were tested (pseudo-first order, interparticle diffusion) but only the pseudo-second order kinetics, developed by Ho and McKay, [26] , could well model the processes: ( a ) 
where k 2 is the pseudo second-order adsorption rate constant (g mg -1 min -1 ), q e and q t are the amount of Cd 2+ /MB ions adsorbed per unit mass of adsorbent (mg/g) at the equilibrium and at the current measurement moment t, respectively.
The kinetic parameters are presented in Table 5 for cadmium and copper removal.
The results confirm the larger adsorption capacity of the novel mixed substrate (WAw + Dw + TiO 2 ), both for copper and cadmium. This values show the real potential of the concept hereby exploited, of mixing nano-sized, nanostructured powders with mezzo-or micro-sized grains of wastes or natural materials.
The results also show that this capacity is mainly linked to the very small pores, more difficult to access, thus leading to slower kinetics. The fastest process is observed -as expected for the adsorption of the small and mobile copper cation.
CONCLUSIONS
A natural material (diatomite) and a waste (wood ash) proved to be effective adsorbents for heavy metals. Preliminary long duration treatment by washing is required, as the substrates are firstly releasing soluble alkaline compounds. The solubilization / reprecipitation processes during washing lead to surfaces with broad open pores and an increased amount of active sites.
By adding a nano-sized, nanostructure powder of a stable metal oxide, TiO 2 , leads to a three-component composite material, with much better adsorption capacity and efficiency, up to 99% for copper, in optimized conditions. The adsorption efficiency on this substrate also depends on the hydrated cation size, reaching 80% for cadmium, in optimized conditions.
The pseudo-second order kinetic applied to both heavy metals cations (Cd 2+ and Cu 2+ ) shows a faster copper adsorption.
These data indicate that this mixture represents a sustainable, low cost solution for the remediation of industrial wastewaters loaded with heavy metals, as being able to efficiently remove the heavy metals even at low concentrations. 
